In this study, the dynamic response and energy absorption characteristics of different combinations of fiber-reinforced pultruded hybrid composites made of unidirectional glass and graphite fiber/epoxy have been investigated. High strain-rate compression experiments were conducted on cylindrical specimens at an average strain rate of 700/s using a modified Split Hopkinson Pressure Bar (SHPB). Failure was monitored with a high-speed video camera, and effects of hybridization on the dynamic behavior of pultruded composites were evaluated. It was found that for a given fiber volume fraction, placing glass fibers in the inner core results in a higher ultimate compressive strength, specific energy absorption, and in general a better dynamic performance with lower density.
Introduction
Fiber-reinforced pultruded composites are being used frequently in many advanced applications due to their many advantages such as structural strength, improved mechanical properties, low weight, and durability [1] [2] . These properties, along with their low-cost, enabled pultruded composites to replace traditional materials such as steel, wood, aluminum, and other composites in structural applications [3] . As a result of increased performance demands, further study is required for the optimal used of pultruded composite materials in various applications.
Glass and graphite are often used as fiber materials in pultruded and other composites. Glass fibers generally provide good performance at low-cost. Although they possess high tensile strength, their relatively low tensile modulus is a disadvantage in many applications. Graphite fibers, on the other hand, have a very high tensile modulus as well as high strength and low weight. Disadvantages of graphite fibers include low impact resistance and higher cost [1] [2] . Several investigations have been performed on pultruded glass and graphite/epoxy "hybrids" in the Composite Materials Research Laboratory at the University of Mississippi [2] - [9] . By the "hybridization" of both glass and graphite fibers in various proportions within the same epoxy matrix, structures can be designed to achieve optimal balance of the two materials' properties. For example, Kumar and Mantena [2] investigated the characteristics of pultruded cylindrical rods under static and dynamic torsional modes of deformation. While pure glass/epoxy exhibited higher shear modulus than pure graphite/epoxy, the hybridization of these two materials with specific amount of glass fibers in the outer shell region resulted in better dynamic performance. Low-velocity impact response characteristics and the influence of hybridization on the crashworthiness and energy-absorption of pultruded glass-graphite/epoxy composite beams were also investigated using low-velocity drop weight impact test system [8] [9] . Hybrids with graphite fibers located in the outer region showed high flexural stiffness, propagation energy, ductility, and failure index. However, they had lower initiation energy and a greater tendency to delaminate [9] .
The behavior of fiber-reinforced composites under high strain-rate loading is a topic of ongoing investigations. A variety of testing methods have been employed for investigating the fiber orientation [10] , specimen geometry [11] [12] , and strain-rate effects [12] - [23] in different materials. For instance, some studies have found compressive strength and modulus to be dependent on strain-rate, with varying sensitivities reported, while others reported no strain-rate effects. Recently SHPB experimental technique has been used increasingly to study fiberreinforced composites. Yokoyama and Nakai [22] performed SHPB high strain-rate compression tests on cubic specimens of carbon/epoxy laminates in all three principal material directions and discussed the failure mechanism of the composites. They reported an increase of the modulus and ultimate strength, and decrease of energy absorbed up to failure strain with increasing strain-rate when compression is along the fiber direction. Also Koerber and Camanho [23] compared the longitudinal SHPB compression response at an average strain-rate of about 100/s of unidirectional carbon-epoxy samples with quasi-static test result. While an increase was observed for the longitudinal compressive strength, it was found that the longitudinal compressive modulus is not strainrate sensitive.
The improved characteristics of fiber-reinforced pultruded composites, as well as their high specific energy absorption due to their failure mechanisms, make them a good candidate for use in structures that are likely to experience extreme dynamic loading, e.g., aircrafts, ships, and armored vehicles [24] [25] . In the design of these structures, the ability of materials to absorb and dissipate energy effectively during impact events is one of the most important criteria. Therefore, a thorough understanding of the dynamic behavior and energy absorption characteristics of fiber-reinforced pultruded composites is necessary.
The purpose of this work is to study the energy absorption and dynamic behavior of glass, graphite, and hybrid glass-graphite fiber/epoxy pultruded composites, compressed axially along the fiber direction at high strainrate. The dynamic compression tests were conducted using a modified SHPB test system. A high-speed camera was also utilized to record and study the crack propagation and failure mechanism during the SHPB compression tests.
Specimen Fabrication
Pultrusion is a manufacturing process for producing structures of constant cross-section (e.g., I-beams, tubes, and rods) in which continuous fibers (unidirectional or woven) are pulled through a resin bath, and the resulting fiber/resin mixture is then pulled through a series of preform plates and a heated die, which forms the product into its final shape. It is a relatively fast way to produce strong and lightweight structural components [2] .
Cylindrical rods of 9.6 mm diameter containing glass, graphite and hybrid combinations of the two fiber types in an epoxy matrix were produced [6] using a single pass of the pultrusion process. The hybrid rods were manufactured to be symmetric about the neutral axis to avoid the effects of temperature changes during production, which would lead to warping or bending in the final product. Both preform and post-die plates were employed to keep the fibers in the intended placement. The cylindrical rods had a total fiber volume fraction of 60% (40% epoxy). Each hybrid rod is defined by the fiber volume fraction of each fiber type, and by the location of each fiber type relative to the neutral axis. For example, GR30, a 30% graphite core/30% glass shell specimen has 30% graphite fiber volume fraction and 30% glass fiber volume fraction, with the graphite fibers in the inner core region and the glass fibers in the outer shell region. The glass fibers used were E-glass (PPG 2001 # 112), the graphite fibers were AS4W-12K (Fiberite), and the resin was Shell EPON-826/W. Cylindrical specimens were cut precisely with 7.2 mm (±0.1 mm) length for SHPB compression tests. Figure 1 shows the cross-sections of the pultruded hybrid combinations, along with the corresponding percent fiber volume and specimen ID code. The average bulk densities of the pultruded hybrid specimens are shown in Table 1 . As expected graphite fiber hybrids are lighter and have lower density.
Apparatus
SHPB, or Kolsky bar, developed first by Kolsky in 1949 [26] , is a well-known technique for characterizing materials at high strain-rates. All tests reported in this article were carried out on the modified SHPB in the Blast and Impact Dynamic Lab at the University of Mississippi, MS. Maraging steel bars of 19.02 mm diameter were used as striker, incident and transmission bars. In order to avoid friction and shear effects on the specimens during compression tests, petroleum jelly was applied for mounting the specimen in between incident and transmission bar-ends.
A HyperVision HPV-2 High-Speed Video Camera (Shimadzu Scientific Instrument) was used to monitor the deformation/failure process during SHPB compression loading. Due to high recording speed of camera and need for high-intensity lighting, two 1000 W strobes (Photogenic Power Lights, PL2500DR) were employed to provide necessary light for recording. A sound trigger system was used for triggering the camera and strobes by the impact sound of striker and incident bars. 102 frames were captured for each experiment at a frame rate of 500,000 fps.
Results and Discussion
SHPB high strain-rate compression tests were performed on pure glass, pure graphite, and the hybrids of glassgraphite fiber/epoxy specimens (shown in Figure 1 ) to study their dynamic behavior and energy absorption characteristics. Figure 2 shows the typical stress wave pulses (incident, reflected and transmitted) recorded from strain gages on the incident and transmission bars. The required dynamic equilibrium condition has been validated in all tests by estimating the stresses developed at opposite faces of each specimen under compression (Figure 3) . It should be noted that all data are reported up to the shattering point of each specimen as captured by the highspeed camera. Figure 4 shows a typical stress-strain curve for all the hybrid combinations at strain-rate of ~700/s. An average of 5 specimens were tested for each fiber combination. With a change in fiber type and fiber location in the specimens, the stiffness changes accordingly. Pure graphite/epoxy specimens (GR60) show the highest stiffness, and stiffness decreases with increasing glass fiber content. Also locating the graphite fibers in the core region results in higher stiffness. The average ultimate compressive strength is summarized in Figure 5 . Pure glass/ epoxy (GL60) has higher compressive strength than pure graphite/epoxy (GR60). Results indicate a difference of more than 200 MPa in compressive strength between these two composites. Hybrids with glass fibers located in the inner core exhibit higher compressive strength compared to those with glass fibers in the outer shell. The hybrids having 48% glass fibers in the inner core and 12% graphite fibers in the outer shell (GL48) demonstrate marginally higher compressive strength than pure glass/epoxy. The specific energy absorption (energy absorbed per unit mass) under SHPB compression loading is compared in Figure 6 . Among all the combinations, 60% glass/epoxy (GL60) and the hybrid with 48% glass fibers in the core region (GL48) show the highest specific energy absorption, while hybrids with 30% graphite in core (GR30) absorbed the least amount of energy.
Failure initiation and propagation in the specimens were monitored with the high-speed video camera at a frame rate of 500,000 fps. Figure 7 shows typical high-speed images and the associated stress-time history obtained for a GL60 specimen at various stages during SHPB compression test at a strain-rate of about 700/sec. The whole event for this sample takes about 60 μs. As can be seen in Figure 7 , the sample appears to be undergoing uniform compression up to the peak load at about 50 μs. The surface crack and shattering initiated at about 60 μs. The image at 70 μs shows an extensively damaged/shattered stage of the specimen. The results illustrate that the entire specimen has not been extensively damaged at the peak stress. It appears that compression failure is dominated by plastic deformation of the matrix at peak load followed by debonding of the fiber-matrix and fiber-fiber interfaces. High-speed digital images of the other samples showed similar behavior.
Conclusion
In this study, pultruded hybrid composite specimens made of glass and graphite/epoxy with different combinations of fibers were dynamically loaded using a modified compression SHPB. Glass fiber/epoxy specimens exhibited higher ultimate compressive strength and specific energy absorption compared to pure graphite/epoxy samples, while graphite hybrid showed higher stiffness. It was observed that the hybrids' compressive stiffness, ultimate strength and specific energy absorption are highly dependent on the type and location of fibers. Increasing graphite fiber volume fraction and placing the graphite fibers in the core region provided higher stiffness (steeper slope in the stress-strain curves) compared to the other combinations. It was also found that hybridization of these two materials, 48% glass fibers in the inner core and 12% graphite fibers in the outer shell, results in a pultruded composite structure with higher ultimate strength and specific energy absorption, compared to the pure glass/epoxy and pure graphite/epoxy pultruded products. In addition, a high-speed camera used for studying the crack propagation and failure mechanism, showed that the specimens were not visibly damaged at the peak load, and the surface starts to shatter few microseconds after the peak load.
